Abstract. Annual primary production estimates for •ific oceanic regions have typically been made using a variety of measures of productivity spaced, at best, several weeks apart. Primary productivity in the oceans is known to be extremely episodic. It is hypothesized here that primary production data with a temporal resolution of several weeks have a high potential for error due to undersampling. In the present analysis, time series of gross primary productivity were calculated using time series of photosynthetically available radiation and chlorophyll a concentration as input to an optical production model. The input data are of minute scale resolution and were gathered during a number of moored experiments. These took place over the past 5 years at several oceanic sites. The minute scale productivity time series were integrated to form time series of daily estimates of gross production. These range in duration from 40 to 260 days. The time series exhibit several regimes characteristic of •ic primary productivity, such as phytoplankton blooms, productivity pulses associated with advected water masses, steady state growth, and development of a subsurface productivity maximum. The presence of these features makes our time series ideal for investigating (1) the sensitivity of annual production estimates to the timing of the sample set and (2) the error introduced by undersampling inherent in coarser sampling methods. It was found that distinct pulses of productivity generate the greatest error and that high variability leads to large errors, even for well-resolved sampling intervals. The maximum percent error due to undersampling was found to be 85%. Additionally, up to a fourfold range between the maximum and minimum estimates of average daily production was found over all sampling intervals. Finally, the maximum expected range (300 g C m -2 yr •) and the expected standard deviation (+42 g C m -2 yr •) for annual water column production were determined at a Sargasso Sea site for which long-term productivity time series were available at four depths within the euphotic zone.
Introduction
Temporal spacing between traditional measurements of oceanic primary productivity is generally large when compared to the duration of episodic phytoplankton blooms ubiquitous to the oceanic environment. Thus errors induced by undersampling can lead to grossly incorrect estimates of yearly primary production in these data sets. Therefore, determining the temporal and spatial sampling scales needed to adequately quantify the primary ecosystem of the upper ocean is of extreme importance. This is necessary for accurately assessing the magnitude of photosynthetic production and for determining whether biological processes in the ocean are occurring at steady state. The latter condition is important to modeling studies focusing on carbon flux through the ocean and uptake of anthropogenic COa, since elevated levels of atmospheric COa will not be affected by oceanic biological processes occurring at steady state [Sarmiento and Siegenthaler, 1992] .
The range of oceanic primary production estimates, generated by a variety of analytical and sampling techniques, has been the subject of much discourse through the years [e.g., from the top of the aphotic zone reaches the deep ocean [Jahnke, 1990] , there is reasonable agreement between the carbon flux estimates of the trap measurements and the OUR estimates reported by Jenkins and Goldman [1985] . It must be noted that sediment trap observations, in addition to being subject to hydrodynamical biases previously discussed for OUR estimates, are prone to errors due to trap geometry, biased preservation of materials due to the use of preservatives and poisons, and zooplankton invasion and carbon export not attributable to sinking particulate matter [Jahnke, 1990] . However, the latter two processes are insignificant in the deep ocean below the range of the diel vertical migration paRems of zooplankton.
There is increasing evidence tha• phytoplankton not only have variability at pro. vioasly unsampled temporal and spatial scales but also that the variability at these scales is significant for obtaining accurate production estimates for a region. Previously unseen temporal variability in the physiological state of phytoplankton is now measurable using the recently developed pump and probe fluorometer [Falkowski et al., 1992] . Measurements of maximum quantum yield •)m, absorption cross section a , and the rate of phytoplankton electron transport x have been obtained using this pump and probe technique. Results show that •)m, which is generally held constant in optical production models, may range from 0.5 to 1.6 mol C/mol photons and is modulated by nutrient supply. Previously undetected vertical variability has been discovered in preliminary results using a recently developed laser/fiber optic system which measures microscale variability in fluorescence profides [Desiderio et al., 1993] . This device, which is attached to a physical microsu'ucture instrument, has revealed thin (20-40 cm), persistent biomass layers, believed to be related to density structure within the water column. When the high-resolution fluorescence profile is smoothed to simulate a typical strobe fiuorometer profile, a twofold difference in chlorophyll concentration is obtained down to one optical depth. Finally, remote sensing platforms (e.g., sea-viewing wide field-of-view sensor (SeaWiFs)) have the advantage of providing synoptic coverage of oceanic biomass with the mechanics of the orbit serving to return samples for a given location every 2 days, cloud conditions permitting. However, the nature of phytoplankton distributions within a water column, as observed by the microscale instrument just described, implies significant errors when utilizing satellites to make quantitative biomass observations [Carder et al., 1991] .
Over the past 6 years the multivariable moored system (MVMS) has been developed. A number of moored experiments incorporating these devices have been carried out in several oceanic regions [e.g., Dickey, 1991; Dickey et al., 1991, 1993a, b, also Bio-optical and physical variability in the Subarctic North Ariantic Ocean, submitted to Journal of Geophysical Research, 1993] . These experiments have utilized a surface meteorological buoy and up to eight MVMSs distributed through the upper 250 m of the ocean. The MVMSs were designed to sample colocated physical (currents and temperature) and bio-optical (photosynthetically available radiation (PAR), stimulated chlorophyll fluorescence, beam attenuation coefficient (660 nm), and dissolved oxygen) characteristics for continuous periods of up to 6 months. The temporal resolution of the collected data is of the order of minutes (Dickey et al., , 1993a , b, also submitted manuscript, 1993]. In this paper the in situ PAR and chlorophyll fluorescence time series at a given depth have been used as inputs to an optical production model [Kiefer, 1993] to generate time series of gross primary productivity (GPP) . Through the use of consecutive deployments, extended productivity time series (up to 260 days) have been generated. These encompass the full range of oceanic seasons and exhibit bloom features for a variety of ocea•c regimes, such as spring conditions in the oligotrophic ocean and productivity pulses associated with instability waves traveling along the equatorial waveguide.
Shipboard sampling of primary production, done repeatedly at a given site, is limited by various constraints to sampling intervals of, at best, 2-3 weeks [Menzel and Ryther, 1960 what magnitude of error should be expected. The "expected" error EE(SI) is def'med as the average error value over all time shifts for a given SI and was calculated using (6).
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Undersampling error generally increases with SI. However, as exemplified by the temporary decreases in error shown in Figure 3 , this increase is not monotonic. The spacing of these dips with respect to $I are related to the spacing of phytoplankton blooms in the productivity time series (Figure  1) . The signal form characteristic of these blooms generates jumps in the undersampling error as the subsampling algorithm steps around and between the difference in amplitudes between short-lived blooms and steady state productivity regimes (e.g., Figures 2b and 2c) . The overall increase in error with $I has • quantified using linear fits to the scattered points in order to estimate the "growth rate" of undersampling error. These slopes and SI•,.
• for each time series included in this analysis are listed in Table 2 . Additionally, over all time shifts (k) and SI considered for each time series, extrema for GPP GPP=,.
•=max(GPP(SI, k)) and GPP=i•=min (GPP(SI, k) ), extrema for 68% confidence limits
SENS•,.•--max(EE(SI)+o) and SENS.a.--min(EE(SI)-cO, and the maximum error are listed. Considering all time series, the estimates of maximum error range from 43% (SS20) to 85% (SSS0).
The maximum error curves (i.e., the maximum of Error(Sl, k) over /c:, Figures 3a and 3b) (Table 2 ).
Discussion and Conclusions
It is becoming increasingly evident that sampling at appropriate spatial and temporal scales is important for accurately assessing oceanic primary production. The results of the timeshifting/subsarnpling analysis for the SS20 case show that the growth rate of the maximum undersampling error is 0.4%/d, whereas for both the equatorial Pacific and North Atlantic cases it is 1.2%/d (Table 2) . As already noted, the SS20 results (Figures 3a, 3c and 4a) do not show the characteristic increase in undersampling error with $I exhibited in both the EQ10 and NATL10 results (Figures 3b, 3d, 4e, and 40 . The equatorial Pacific case shows the undersampling-induced error to be increasing essentially monotonically, whereas for the North Ariantic case a peak is reached, followed by a decrease. The North Ariantic case would seem to be more representative of the overall behavior, with the peak occurring at an $I which is equivalent to the temporal spacing of the blooms.
The growth rate in maximum undersampling error for the Sargasso Sea case ranges from 0.4%/d to 0.7%/d. These low values are a result of the nonepisodic nature of the primary production regimes in the oligotrophic time series. The values for the other three cases are all greater than 1.0%/d (Table 2) (Figure 4g) . Indeed, the maximin error for this case (45%, Table 2), which occm for an SI of 9 days, is of the same order as the error value for several other cases, which occur at $I that are at least 4 times greater (Figures 3b and 3d) . This suggests that yearly production estimates from coastal oceans are extremely prone to undersampling error, even at relatively frequent sampling intervals, due to episodic productivity events driven by such processes as tidal activity, wind-driven mixing, and terrigenous input.
Differences between GPPm• and GPP•t• obtained using the Sargasso Sea data range between 0.8 and 3.2 g C m '3 yr • over the four depths. Vertical integration of these range differences resulted in an estimate of the maximum expected range to be found in estimates of annual water column production (300 g C m '2 yr-1). This is equivalent to subtracting the value obtained by vertically integrating the GPPmi • estimates from the value obtained by integrating the GPPm• x estimates. An expected standard deviation for an estimate of annual water column production was determined to be +42 g C m '2 yr 'l. This estimate was obtained by integrating the profile of the differences between SENS,•,• and SENSIng, which ranged from 0.37 to 1.12 g C m '3 yr 1. Yearly production at this Sargasso Sea site was estimated to be 140 g C m'2yr 'l [Marta et al., 1992] , using a different method for the production calculation but the same high-resolution data set presented in this work. This oligotrophic site was characterized above as a region of low undersampling error due to its quasi steady state behavior.
Thus these estimates for the range in production values and sensitivity within the euphotic zone, caused 'by undersampling and sample timing, must be recognized as underestimates when considering episodic, highly productive oceanic regions. Indeed, the differences between the GPP extreme for the yearly production estimates for the equatorial Pacific, North Ariantic, and Palos Verdes shelf cases are 7.0, 23.4, and 6.5 g C m '3 yr 'l, respectively (Table 2) . Using these ranges and assuming an average mixed layer depth of 40 m result in values for the range in annual water column production which are of the same order or greater than the oligotrophic case just presented. Differences between the sensitivity extreme for these cases are 4.6, 13.2, and 3.6 g C m '3 yr '•, respectively (Table 2) In summary, highly productive regions characterized by short-lived episodic blooms are more susceptible to the hazards of undersampling. These regions are responsible for the bulk of the primary productivity occurring within the world's oceans. Thus obtaining amply resolved production estimates through the use of high-resolution sampling techniques is vital to achieving more accurate assessments of the present state of the ocean's primary ecosystem.
